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The aim of the present study was to identify the key factors affecting the pelletizing pressure in 
biomass pelletization processes. The impact of raw material type, pellet length, temperature, moisture 
content and particle size on the pressure build up in the press channel of a pellet mill was studied 
using a single pellet press unit. It was shown that the pelletizing pressure increased exponentially 
with the pellet length. The rate of increase was dependent on biomass species, temperature, moisture 
content and particle size. A mathematical model, predicting the pelletizing pressure, was in good 
accordance with experimental data. It was shown that increasing the temperature resulted in a 
decrease of the pelletizing pressure. Infrared spectra taken from the pellets surface, indicated 
hydrophobic extractives on the pellet surface, for pellets produced at higher temperatures. The 
extractives act as lubricants, lowering the friction between the biomass and the press channel walls. 
The effect of moisture content on the pelletizing pressure was dependent on the raw material species. 
Different particle size fractions, from below 0.5 mm up to 2.8 mm diameter, were tested, and it was 
shown that the pelletizing pressure increased with decreasing particle size. The impact of pelletizing 
pressure on pellet density was determined, and it was shown that a pelletizing pressure above 200 
MPa resulted only in minor increase in pellet density.  
 2
Keywords: Biomass, Biofuels, Pellets, Wood, Straw, Pelletizing pressure, processing conditions 
 
1. Introduction 
The utilization of biomass for heat and power production is becoming increasingly important, due 
to the desire to reduce carbon dioxide emissions into the atmosphere. Plant biomass is available in 
large quantities, and can be utilized for sustainable heat and power production, when used as fuel 
[1,2]. However, often long distances have to be bridged between the biomass place of origin and the 
place of its utilization, resulting in expensive handling and transportation. Wood and plant materials 
have in general low densities due to their porous structure with densities ranging from 40-150 kg/m3 
for grass type biomass [3,4] and 320-720 kg/m3 for most types of dried hard- and softwoods [5]. The 
bulk density of commercial wood chips ranges between 150-200 kg/m3 [6], and is in general less than 
the solid wood they are produced from. To increase the density of the biomass, it can be compressed 
into pellets using a mechanical process in which pressure is applied to the biomass to crush its 
cellular structure, and thereby increasing its density. Typical unit densities of biomass pellets can be 
as high as 1000 to 1400 kg/m3 [7], and bulk densities are about 700 kg/m3 [8]. Major benefits of 
pelletizing biomass are: A higher energy density, lower transportation and storage costs, combined 
with standardized sizes and composition, which allows automatic feeding in domestic and industrial 
sized boilers. The growing domestic and industrial demand of biomass for heat and power production 
in many countries has resulted in a strong growing global pellet marked during the last decades, and 
continuous growth of the market is predicted for the next years [9]. The main raw materials used are 
wood residues, such as saw dust, wood shavings and wood chips, but also agro-residues, such as 
straw, waste products of the food industry and fuel crops, are used for the production of fuel pellets 
[10,11].  
Most pellets today are produced in pellet mills of the ring die type [12]. The acting forces in a press 
channel of a ring die type pellet mill have been reviewed in detail in two earlier studies [13,14], and it 
was shown that under steady state conditions the pelletizing pressure (Px) can mathematically be 
expressed as: 
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With c being the compression ratio: 
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PN0 is a pre-stressing pressure incorporating plasticity in the model, υLR is the Poisson’s ratio. The 
first index L denoted the direction of applied stress (L = longitudinal fiber axes), and the second one 
R the direction of transverse deformation (R = radial fiber axes). μ is the friction coefficient and c is 
the compression ratio, defined as the ratio between the length of the pellet in the die (x) and diameter 
(2r) (Equation 2). 
 
Equation 1 shows that Px increases exponentially with the pellet length, while keeping the other 
parameters constant. The model has recently been used to predict Px for pelletizing beech and pine, 
by carrying out a least square fit of the model given in Equation 1 to the press data [13]. However the 
model does so far not directly include important processing parameters such as temperature, material 
moisture content or particle size. 
It is likely, that a change in any of those processing parameters will have an effect on Px, and 
thereby on the necessary pressure exerted by the roller. Within a certain range, this pressure is 
adjustable to the same magnitude as Px. In case Px exceeds this range and becomes too high, the pellet 
mill will be plugged, as the rollers are not able to provide the necessary pressure to push the material 
out. High Px not only increases the risk of fires, due to high friction, which causes a high temperature 
increase, but also results in unnecessarily high energy uptake of the pellet mill. In the case, Px is too 
low; pellets of acceptable quality cannot be produced.   
Nielsen et al. [15-18] have investigated several different aspects influencing the energy 
consumption of the pelletizing process and the mechanical properties of the produced pellets. The 
pelletizing parameters studied were temperature, moisture content [17], fiber orientation [15], raw 
material extractive content [18] and their change during storage time [16]. The studies were primarily 
based on short pellets of a few millimeters in length. If short pellets are tested, the exponential pellet 
length dependency is suppressed, and any temperature or moisture effects might be overestimated, in 
relation to the behavior in a large scale pellet mill, with significantly longer press channels.  
The challenge in biomass pelletization is therefore to keep the pressure in the range where high 
quality pellets are produced, at a minimal energy input and at a high pellet mill capacity. Hence, it is 
critical to know, how and which of the controllable process parameters affect Px. The effect of 
temperature, moisture content and particle size at higher ‘c’ is necessary. This will give information 
and data closer to commercial pelletizing applications, while using a single pellet press unit will help 
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selecting proper pelletizing conditions in real situations. It should be noted that the published model 
allows predictions of Px at greater c based on experimental data. 
 
The objective of the present study was to identify the key process parameters affecting Px by 
conducting test using a single pellet press unit (SPP-unit). Process parameters included in this study 
were species, pellet length, die temperature, moisture content, particle size, and c. 
 
 
2. Experimental  
2.1 Materials 
Three different raw materials were used for the present study, representing three different raw 
material classes used for fuel pellet production: Norway spruce (Picea abies), representing the class 
of softwoods, European beech (Fagus sylvatica), a common hardwood and wheat straw, (Triticum 
aestivum), as a representative for grass type biomass. Norway spruce and beech were harvested in 
southern Sweden (Skåne/Småland) during the year 2007. Wood stems were collected from the forest 
in late autumn, after the growth season and debarked. Wheat straw was collected in the year 2007 on 
the island of Sjælland (Denmark), after the harvesting season and dried on the field. All materials 
were comminuted into particles < 5mm using a hammer mill (Model 55, Jensen and Sommer Aps, 
Denmark). Prior utilization the materials were kept in air tight plastic containers and had a moisture 
content of about 8 % (exact values were: beech 7.9 %, spruce 8.2 and straw 8 %, respectively). 
Analytical sieves 200 mm in diameter and a mesh size of 0.5, 1, 2.8 and 5 mm. (Analytical sieves, 
Retsch GmbH, Germany) and a sieve shaker (AS 200, Retsch GmbH, Germany), were used to 
separate the raw materials in different particle size fractions.  
 
2.2 Pellet production and pressure determination 
The biomass pellets in this work were produced using single pellet press (SPP) units (designed and 
constructed at the workshop of the biomass gasification group at Risø-DTU, Roskilde, Denmark) that 
allow simulation of the pelletizing process in a press channel of a pellet mill by subsequent 
compression of biomass layers into a pellet. This technology has been used in various pelletizing 
studies before [15, 18-20] and therefore proven its practicability.  
For the present study, two SPP units with 8 and 16 mm channel diameter were used. The units 
consisted of cylindrical dies (140 mm long) made of hardened steel, lagged with heating elements and 
thermal insulation. The die wall temperature was controllable between 20 and 180 °C, using a 
thermocouple, installed in the die wall and connected to a control unit. The end of the die could be 
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closed using a backstop. Pressure was applied using metal pistons 7.8 mm and 15.8 mm in diameter, 
for 8 and 16 m channel diameter. The force was measured using a load cell. 
To simulate the pelletizing process within a pellet mill, the pellet has to be built up in sequential 
layers. Initial experiments to obtain a uniform pellet density, resulting in a linear correlation between 
the pellet weight and length, have been made, as suggested by Holm et al. [14]. Biomass was loaded 
in sequential steps, not exceeding 1 g per layer for the 16 mm SPP-unit and 0.25 g per layer for the 8 
mm SPP-unit. The biomass samples were compressed with a maximum pressure of 200 MPa at a rate 
of 5 mm/min using a compression tester (TT-CC, Instron, USA), equipped with a 50 kN load cell 
(C2S, Nordisk Transducer Teknik, Denmark) and an electronic data collection system. The pressure 
was released after 5 seconds, the piston removed and a new amount of sample was loaded and 
compressed until the pellet had the desired dimensions. It has to be noted, that during the production 
process the material was in the press channel for at least 5 minutes, so that a homogeneous 
temperature of the pellet could be assumed. After the pellet was pressed, the backstop of the unit was 
removed and Px was determined by measuring the maximum pressure, required to press the pellet out 
of the die at a rate of 5 mm/min using a compression tester (TT-CC, Instron, USA). For data 
recording, a load cell detecting force was connected to a data acquiring system. The die was rinsed 
with acetone and wiped clean, using a paper towel, when changing raw materials or the die 
temperature. To study the effect of different processing conditions, biomass pellets have been 
produced as described under 2.3: 
 
2.3 Influence of process parameters on Px  
 
Compression ratio (c)  
Spruce particles 1-2.8 mm in size and a moisture content of about 8 % were pressed at 20 °C at 200 
MPa using an 8 mm SPP-unit, with c ranging from 0.1 to 7. The force required to press the pellet out 
of the die was determined and pellet length measured directly after pressing using calipers. The 
obtained experimental data was used for fitting a pellet model (as described in 2.4). 
 
Temperature 
Beech, spruce and straw particles 1-3 mm in size and a moisture content of about 8 % were used to 
press pellets in a 16 mm SPP-unit with c = 2.5, at temperatures between 20 to 180 °C, at intervals of 
20 °C. The force required to press the pellet out of the die was determined, and a minimum of three 
pellets were produced under the same conditions for calculation of the average and standard 
deviation.  
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Moisture content 
Beech, spruce and straw particles 1-2.8 mm in size were adjusted to moisture contents of 0, 5, 10, 
15, 20 and 25 %, by adding an appropriate amount of water using a spray bottle, or by drying of the 
material in an oven at 105 °C. The material was stored and equilibrated in airtight containers for two 
weeks before utilization and the final moisture content was verified. Moisture content was analyzed 
by drying of 1-2 g sample material in an oven at 105 °C for at least 8 hours and subsequent 
calculation of the weight loss. Pellets were pressed in a 16 mm SPP-unit with c = 2.5 at 20 °C (to 
avoid water evaporation during the pelletizing process). 
 
Particle size 
To determine the effect of particle size on Px, beech and spruce with a moisture content of about 8 
% were fractionated into three different fractions: (I) <0.5 mm, (II) 0.5-1 mm and (III) 1-2.8 mm 
particle size. Pellets were pressed using an 8 mm SPP-unit with c = 1 at 20°C.   
 
Attenuated total reflectance infrared spectroscopy (ATR-FTIR) 
ATR-IR spectra of the pellet surface were recorded, using a Fourier transform infrared spectrometer 
(Nicolet 6700 FT-IR, Thermo Electron Corporation, USA), equipped with a temperature adjustable 
ATR accessory (Smart Golden Gate diamond ATR accessory, Thermo Electron Corporation, USA), 
equilibrated at 30 °C. At least five measurements were performed on each sample. To ensure good 
contact with the diamond surface, the samples were pressed against it, using a metal rod in a set-up 
that results in the same mechanical pressure on through the sample. All spectra were obtained with 
200 scans for the background (air) and 100 scans for the sample with a resolution of 4 cm−1. 
 
2.4 Verification of pellet model  
The obtained values for Px were used to verify the pellet model published earlier [13]. The model 
fits were carried out as least square fits of the model given in Equation 1 to the press data Px, using 
modeling software (Matlab R2008b, The Math Works Inc., USA). Due to mutual correlations 
between the three parameters, the friction coefficient μ was taken as a constant (μ = 0.5) while the 
pre-stressing pressure PN0 and the Poisson ratio υLR were left free to vary, as suggested by Holm et al. 
[14]. 
 
2.5 Influence of Px on pellet density  
Beech and spruce particles 1-2.8 mm in size and a moisture content of about 8 % were used to press 
pellets at different pressures in an 8 mm SPP-unit at 20 °C. The applied pelletizing pressure was 50, 
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100, 150, 200, 250, 300, 400, 600 MPa. The unit density of the pellets was calculated by 
determination of the pellets weight and dimensions for at least five samples at each pressure.  
 
 
3. Results and Discussions 
The exponential dependency of Px on c is shown in Figure 1. The model fit to the experimental data 
was made to show the exponential increase in the pelletizing pressure as a function of the 
compression ratio, as suggested in the published theory [13,14]. Due to mutual correlations between 
the three parameters, the friction coefficient was fixed to µ = 0.5 obtain a stable fit. The value of the 
friction coefficient was chosen as a typical value for dry wood on a hard smooth surface, as described 
in Holm et al. [14]. Keeping the value of the friction coefficient constant, the other parameters were 
left free to vary. The resulting values of PN0 and υ are found to be in the typical range of published 
values [14]. 
 
 
Figure 1. The dependency of Px on c, when pelletizing spruce at 20 °C and 200 MPa using an 8 mm 
SPP-unit. Experimental data (X) and model fit (solid line) with μ = 0.5, υLR= 0.33 ± 0.03 and 
PN0=13.50 ± 3.99 MPa. 
 
The effect of temperature on Px in the press channel is shown in Figure 2 for beech, spruce and 
straw pellets in a temperature range between 20 and 180 °C.  
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Figure 2. Px of beech, spruce and straw within a temperature range of 20-180 °C. Measurements 
were made in a 16 mm die at a compression ratio of c = 2.5 and a moisture content of 8%. 
 
Px decreases with increasing die temperature for all used raw materials. The initial Px for beech is 
greater than for spruce, which in accordance with data obtained by Nielsen et al. [15]. They report a 
decrease of friction with increasing temperature, and the decrease being greater for hardwood beech 
then for softwood pine. A recent study [19] suggests that wood extractives, a wide range of chemical 
compounds such as resin compounds, fatty acids, waxes and sterols, might act as lubricants in the 
press channel, and therefore reduce the friction in the press channel. Softwoods are considered to 
contain greater amounts of extractives than hardwoods, and this could explain why the pelletizing 
pressure for spruce is less than for beech, due to the differences in extractives content. A recent work 
by Stelte et al. [20] using the same raw materials, indicated an extractive content of 1.8 % for spruce 
and 0.6 % for beech. Furthermore, high extractives content might reduce the temperature dependency 
of the pelletizing pressure. Both wood materials show a sudden change in slope at 100 C for beech 
and about 70 C for spruce. This can be an indication for thermal softening resulting in greater 
plasticity and flow ability and/or the leeching of extractives to the surface. It is therefore possible that 
pelletization of softened wood polymers (i.e. hemicelluloses and lignin) resulted in significantly 
lower pelletizing pressures. The transition temperature at which thermoplastic polymers pass from a 
glassy to a plastic state is usually referred to as softening point. The temperature at the softening point 
is the glass transition temperature (Tg) and has been determined for both hemicelluloses and lignin 
[21-29].  
Chow [21] and Goring [22] have shown that lignin and hemicelluloses Tg range between 77-128 °C 
for lignin and 54-142 °C for hemicelluloses, depending on the woods moisture content. Many 
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different studies have been made since, and generally, it can be concluded that the Tg of lignin varies 
considerably depending on the type of wood and the moisture content, and ranges anywhere between 
50 and above 100 °C [25-29]. In case of lignin, it has been shown that its Tg varies substantially, 
depending on its origin [23]. Hardwood lignins have a lower content of free phenolic hydroxyl groups 
and a substantially higher content of methoxyl groups [24]. This chemical difference results in a 
significantly lower Tg of hardwood lignin than softwood lignins [23]. If lignin passing its softening 
point is responsible for the sudden drop in Pc, then beech, which has a lower Tg (hardwood), should 
show a sharp drop at a temperature lower than spruce, which has a higher Tg (softwood). However, 
from Figure 2, the drop in Px is at a substantially lower temperature for spruce (~70 ºC) than for 
beech (~100 ºC). Thus, lignin softening being responsible to the sharp drop in Px can be ruled out. 
Spruce is known to contain tall oil which is a composition of rosins, unsaponifiable sterols, resin 
acids, fatty acids, fatty alcohols, some sterols, and other alkyl hydrocarbon derivates [30]. As 
temperature increases, there is a tendency for extractives to migrate to the surface. The migration of 
low molecular weight molecules is a common problem in the manufacturing process of traditional 
wood based formaldehyde boards, where heat treatment can result in a small layer of hydrophobic 
extractives on the fiber surface, which drastically limit adhesion mechanisms and reduces bonding 
[31-33]. Spruce has a larger amount of extractives present then beech, and therefore the migration to 
the surface is most likely responsible for the drop in Px at about 70 ºC. FTIR-ATR spectra also show 
evidence of wax/oils migrating to the surface at higher temperatures which will be discussed later. 
 
 
 
Figure 3. Px of straw within a temperature range of 20-180 °C. Measurements were made in a 16 mm 
die at a compression ratio of c = 2.5. 
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Figure 3 shows the same correlation for straw, but at a larger scale, indicating that straw also 
exhibits a drop in pressure. The pressure drop is closer to ambient conditions in comparison with 
either beech or spruce, which is most likely an effect of the different chemical composition of the 
biomass surface. Px starts to decrease at temperatures above 20 °C up to 140 °C. Major chemical 
difference between grasses and wood is the waxy cuticula on the grass surface that could act as a 
lubricant, resulting in significantly lower friction, compared to woody biomass, and might also 
contribute to different thermo mechanical behavior. As the temperature increases the waxes soften 
and enhance its lubricating effect.  
 
 
 
Figure 4. ATR-IR Spectra of the pellet surface of beech (1), spruce (2) and straw (3) pellets made at 
20 °C 
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Figure 5. ATR-IR Spectra of the pellet surface of beech (1), spruce (2) and straw (3) pellets made at 
100 °C. 
 
Infrared spectra taken from the pellets surface in Figures 4 and 5 indicate a difference between 
pellets pressed at 20 and 100 °C. The bands at 2800 and 2900 cm-1, which are related to C-H 
stretches, have earlier been linked to hydrophobic extractives such as waxes and oils [34]. There are 
only minor differences in the spectra of straw pellets produced at 20 and 100 °C, which can be 
explained by the fact that straw naturally is coated by a cuticula, rich in low molecular weight waxes. 
There is no sign of the C-H stretch for either wood species at 20 ºC. In case of the wood pellets, both 
species show a C-H stretching bands for pellets pressed at 100 °C, and this is due to migration of 
extractives to the pellet surface during pellet production. Low molecular weight hydrocarbons, such 
as oils and waxes, are known to reduce the friction, and their increased content on the pellets surface 
might be linked to the reduced pelletizing pressure shown in Figure 2 and 3. The spruce C-H 
stretching bands at 100 ºC seem to be an order of magnitude greater than those of beech. After about 
130 ºC, Px seems to be similar and this could be due to softening of the lignin, so that the particles are 
more flexible.  
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Figure 6. Effect of moisture content on Px when pelletizing beech, spruce, and straw in a 16 mm die 
at 20 °C and c = 2.5.  
 
Figure 6 shows the dependency of Px on the moisture content of the substrate. It can be seen that for 
beech and spruce an increasing moisture content of the raw materials, results in a drop of Px, which is 
more pronounced for beech than for spruce. The presence of moisture is known to plasticize the 
amorphous regions in wood, and it is possible that this increases the flowabilty of hemicelluloses and 
other low Tg extractives, thus reducing Px for beech and spruce. Chow [21], Goring [22], Salmen and 
Olson [35] and Kelley, et al. [27] have shown strong decrease in Tg of the amorphous components of 
spruce with an increase in moisture content. Further work needs to be done to see why spruce and 
beech behave differently. Wood as a material is brittle, when dry and shows low flexibility, when 
most of its water has been removed, and this could explain the high Px due to high friction, when 
pelletizing dried beech and spruce. If water is present, inter and intra molecular hydrogen bonds 
between the wood polymers are substituted with hydrogen bonds to water molecules. Water 
molecules act as a plasticizer which increases the flexibility and softness of the material, resulting in 
lower friction within the press channel. It is also possible that the presence of moisture enhances the 
migration of the waxes or oils to the surface at lower temperatures, but this has yet to be confirmed.  
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Figure 7. Effect of moisture content on pellet stability of beech, spruce and straw pellet pressed in a 
16 mm SPP unit at 20 °C. 
 
The pellet stability or integrity was best in the range between 5-15 %, as shown in Figure 7, and no 
stable pellets were formed at moisture contents above 20 %. It is possible that many hydrogen bonds 
between the wood polymers are substituted with bonds to water molecules thereby reducing the 
strength of the pellet. However, a minimum amount of moisture is needed to improve inter-particular 
adhesion/attraction. Figure 7 clearly shows that for completely dry biomass the integrity of the pellets 
is very poor.  
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Figure 8. Effect of particle size on Px when pelletizing beech at various c in an 8 mm die at 20 °C. 
 
The effect of particle size on Px at different c is shown in Figure 8 and it can be seen that there is a 
clear correlation between particle size and Px, indicating that friction increases with decreasing 
particle size. Lower particle size is likely to result in higher surface area of contact between the pellet 
and the walls resulting in greater friction.  
 
 
 
Figure 9. Dependency of pellet density on pressure applied during the pelletizing process. 
Measurements made in an 8 mm die at 20 °C and with c = 1.  
 
The density of a wood pellet increases with increasing pressure applied onto the biomass as shown 
in Figure 9. The absolute upper limit for the possible density of a pellet made of plant material is 
likely the density of the plant cell wall which has been determined to be in the range between 1420 – 
1500 kg/ m3 [36,37]. The closer the pellet density approximates the upper limit the less it will increase 
with increasing pressure. It seems therefore reasonable that there is a limit how much the biomass can 
be compressed, and that a further increase of pressure does not result in higher pellet density. It 
appears that the greatest decrease in volume is at pressures below 50 MPa, while in the range between 
200-600 MPa only small changes in pellet density were observed.  
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4. Conclusions 
The present study has evaluated the impact of pellet length, die temperature, biomass moisture 
content and particle size on the pelletizing pressure during fuel pellet production from biomass. It has 
been shown that the pelletizing pressure increases exponentially with the pellet length. A 
mathematical model, predicting the increasing pelletizing pressure was in good accordance with 
experimental data. The pelletizing pressure was shown to be dependent on biomass species, 
temperature, moisture content and particle size. An increasing temperature of the die during 
pelletization decreased the pelletizing pressure, and infrared spectra of the pellet surface indicated 
hydrophobic extractives for pellets produced at higher temperatures that might have acted as a 
lubricant reducing the friction between biomass and steel surface. The influence of the biomass 
moisture content was ambiguous and depending on the biomass type. For woody samples, the 
pelletizing pressure dropped with increasing moisture content while it increased for wheat straw. The 
effect of particle size on the pelletizing pressure was more defined, showing that the pelletizing 
pressure increases with a decreasing particle size. An increasing pelletizing pressure is resulting in an 
increasing pellet density and it was shown that pressures above 250 MPa resulted only in minor 
increase in pellet density. 
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